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Quasiparticle interference and quantum confinement 
in a correlated Rashba spin-split 2D electron liquid
Chi Ming Yim1,2*, Dibyashree Chakraborti1,3, Luke C. Rhodes1, Seunghyun Khim3, 
Andrew P. Mackenzie1,3, Peter Wahl1*

Exploiting inversion symmetry breaking (ISB) in systems with strong spin-orbit coupling promises control of spin 
through electric fields—crucial to achieve miniaturization in spintronic devices. Delivering on this promise re-
quires a two-dimensional electron gas with a spin precession length shorter than the spin coherence length and 
a large spin splitting so that spin manipulation can be achieved over length scales of nanometers. Recently, the 
transition metal oxide terminations of delafossite oxides were found to exhibit a large Rashba spin splitting dom-
inated by ISB. In this limit, the Fermi surface exhibits the same spin texture as for weak ISB, but the orbital texture 
is completely different, raising questions about the effect on quasiparticle scattering. We demonstrate that the 
spin-orbital selection rules relevant for conventional Rashba system are obeyed as true spin selection rules in this 
correlated electron liquid and determine its spin coherence length from quasiparticle interference imaging.

INTRODUCTION
Spin-orbit coupling (SOC) in combination with inversion symme-
try breaking (ISB) leads to the lifting of spin degeneracy (1, 2) and 
promises spin manipulation without the need for magnetic fields. 
Possible applications of the Rashba effect include spin transistors 
enabling all-electronic spin manipulation (3) [for a recent review, 
see (4)]. Key parameters for a Rashba two-dimensional electron gas 
(2DEG) to be suitable for these applications include a sufficiently 
large Rashba spin splitting, as well as a spin relaxation length of the 
electrons that exceeds the spin precession length because of the spin 
splitting. The size of the Rashba spin splitting is directly linked to 
the spin precession length; a larger spin splitting will allow smaller 
structure sizes.

It is only recently that the surface states of delafossite oxides 
have been discovered, with potential functionalities for spin detec-
tion through surface ferromagnetism (5) and manipulation through 
the Rashba effect (6) in the same materials system. These materials 
offer an exceptional experimental platform for studying Rashba 
physics in a new limit where the ISB becomes the dominant energy 
scale. The delafossite metals (7–9) grow with astonishing crystalline 
purity (10) and show extremely long mean free paths as evidenced by 
bulk transport (11), transverse electron focusing (12), and even co-
herent Aharonov-Bohm–like oscillations (13). They have been shown 
to have surface states with very large Rashba splitting (∼70 meV 
and ∼150 meV in PdCoO2 and PdRhO2, respectively). This is seen 
on the transition metal oxide–terminated surfaces, and these split-
tings correspond to the full atomic SOC energies of Co and Rh, 
respectively. This is in strong contrast to what is usually seen in mate-
rials with large Rashba splitting, in which the observed splitting is a 
small fraction of the bare SOC energies of the relevant atoms (14–16). 
The Rashba physics seen in the delafossites arises because the 
unusual orientation of the transition metal octahedra in the delafossite 
structure leads to extremely large energy scales for the ISB (6). In 

the standard cases of large Rashba splitting, the observed effect is 
limited by the ISB energy scale, which is a weak perturbation com-
pared to the atomic SOC energy scale. In the delafossites, it is not, 
so the full bare atomic SOC determines the splitting, leading to a 
giant spin splitting in a materials system composed of comparatively 
light elements.

Achieving huge spin splittings based on transition metals has 
obvious potential for spintronic applications (17), but the new situ-
ation comes with other characteristic features that are different to 
those in traditional giant Rashba systems, and merits further inves-
tigation. First, the different scale of ISB and SOC leads to a topolog-
ically different orbital and spin texture along the Fermi surface. The 
canonical case of a Rashba spin-split system with ISB much smaller 
than SOC exhibits orbital and spin textures that are directly coupled 
and exhibit the same chirality (compare Fig. 1A) (18), leading to a 
suppression of the same scattering vectors by the matrix element 
〈k∣k + q〉 through the orbital and spin channels. When the 
ISB dominates over the SOC, the two subbands exhibit the same 
orbital texture but opposite spin textures (Fig. 1B). This means that, 
only from the orbital texture, the dominant scattering vector for a 
Rashba system is expected to be suppressed, whereas the spin tex-
ture should result in the same dominant scattering vector as in a 
normal Rashba system.

Further, because the surface electronic structure is based on 3d 
(Co) or 4d (Rh) orbitals, the Rashba spin-split surface state of the 
delafossites is a strongly correlated 2D electron liquid (2DEL) rather 
than a simple 2DEG. The on-site repulsion, or Hubbard U, for Co is 
approximately 5 eV in PdCoO2 (11) or PtCoO2 (19), and the elec-
tronic effective masses in the Rashba surface states are typically 
more than 10 me (6). This raises questions as to what the conse-
quences are for the quasiparticle interference (QPI) in comparison 
to the previously studied systems in the limit where ISB is only a 
weak perturbation (20–23), how it is affected by electron interac-
tions, and, particularly important for spintronic applications, how 
the spin coherence length is affected. To address these questions, 
we have investigated the quasiparticle scattering on cobalt oxide– 
terminated surfaces of PdCoO2. We establish that the quasiparticle 
scattering is dominated by spin selection rules here, resulting in the 
same scattering pattern as would be expected from the spin-orbital 
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selection rules for standard weak-coupling Rashba systems, and 
observe that the quasiparticles in the surface state have long spin 
coherence lengths that would, in principle, be suitable for spintron-
ic applications.

RESULTS
Identification of surface termination–surface polarity
PdCoO2 consists of alternating layers of Pd and CoO2 octahedra 
arranged in-plane in a hexagonal geometry, as illustrated in Fig. 2A. In 

the bulk, the Pd layers carry a charge of +1, while the CoO2 layers 
carry a charge of −1 per unit cell. Because of the substantially stron-
ger bonding within the CoO2 octahedra than between the CoO2 layer 
and the Pd, the cleaving is expected to occur between Pd and O, 
resulting in two possible clean surface terminations: a Pd-terminated 
surface and a CoO2-terminated surface. Owing to the different charge 
on the layers, this leads to a polar surface that is either electron- 
doped (for Pd) or hole-doped (for CoO2). Polarity-driven electronic 
reconstructions have been discussed extensively in the context of 
thin-film heterostructures of oxide perovskites, and the surface work 
function is an important parameter in understanding the role of the 
surface polarity as opposed to other mechanisms such as defect and 
vacancy formation (24, 25).

Figure 2 (B and C) shows the topographic images obtained from 
the two surface terminations that exhibit large terraces but appear 
distinctly different. In addition, we frequently observe a disordered 
surface, which we attribute to a reconstruction of the Pd layer. The 
two surface terminations shown in Fig. 2 (B and C) show atomically 
flat surfaces; on the one shown in Fig. 2B we see atomic resolution 
with a lattice constant (∼2.85 Å) consistent with the bulk crystal struc-
ture. Both exhibit standing wave patterns around defects due to 
QPI. Because of the polar nature of the surface terminations, we can 
assign the terminations by determining the local barrier height as a 
proxy for the work function. Figure 2D shows a measurement of the 
tunneling current I(z) as a function of tip-sample distance z. From the 
slope, we obtain the local barrier height. We find that the surface 
shown in Fig. 2C exhibits a substantially lower local barrier height 
compared to the one in Fig. 2B. We can thus identify the surfaces 
shown in Fig. 2 (B and C) to be the CoO2 and Pd terminations, respec-
tively. We note that atomic resolution on the Pd termination is very 
difficult to observe, presumably because of the highly delocalized 
nature of the electronic states. The work function difference can 
also be determined independently from the image potential states 
in front of the surface, which are pinned to the vacuum energy, 
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Fig. 1. Orbital and spin textures of Rashba spin-split surface states in the limit 
of dominant SOC and dominant ISB. (A) Schematic Fermi surface of a Rashba 
system where SOC dominates over the ISB. The spin and orbital textures are directly cou-
pled and have the same chirality on the two subbands. The selection rules for QPI 
are the same for the spin and orbital component—both result in the same dominant 
scattering wave vectors. Black arrows show the orbital angular momentum (OAM), 
color encodes the x-projection of the spin momentum. (B) Schematic Fermi surface 
of the CoO2-derived surface state where ISB dominates. Black arrows and colors as 
in (a). When ISB dominates over SOC, the orbital angular momentum (OAM) exhibits the 
same chirality on both bands, whereas the spin texture shows opposite chirality. This 
means that the selection rules for quasiparticle scattering lead to different wave 
vectors suppressed for the spin angular momentum (SAM) quantum numbers.
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Fig. 2. Surface terminations of PdCoO2. (A) Ball and stick model of the crystal structure of PdCoO2. A dashed line marks the cleavage plane of this material. (B) Topo-
graphic STM image obtained from a CoO2-terminated surface (V = − 50 mV, I = 50 pA; scale bar, 5 nm). Inset, Fourier transformation of (B). Open circles mark the positions 
of the atomic peaks (scale bar, 2 Å−1). (C) Topographic image of the Pd termination (V = − 80 mV, I = 50 pA; scale bar, 5 nm). (D) Determination of the local barrier height 
from I(z) measurements. I versus z plots taken from both the (blue) CoO2-terminated and (yellow) Pd-terminated surfaces. z = 0 corresponds to the tip-sample distance, 
where the feedback loop was opened at a set point of V = 100 mV and I = 200 pA. Linear fits to the data reveal a difference of the local barrier height  = 3.2 eV between 
the CoO2 and Pd terminations (see also fig. S1).
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yielding similar values for the local work function (see text 
S1 and fig. S1).

The large difference of the local work function between the two 
surface terminations of ∼3.2 eV is a consequence of the polar surface 
termination. This difference in local barrier height would be consist-
ent with a surface dipole because of a surface layer with only about 
half an electron charge and a permittivity on the order of 50, compa-
rable to that found in other compounds with CoO2 layers (26).

Having identified the two surface terminations, we will concen-
trate on the CoO2-terminated surface and the Rashba 2DEL.

Quasiparticle interference
To study the electronic structure across the Fermi energy, we have 
selected an atomically flat area of 38 nm2 and acquired spectroscop-
ic maps with more than 36,000 tunneling spectra consisting of 
51 points each (see fig. S2 for the corresponding topographic image). 
In Fig. 3A, we show a layer of such a spectroscopic map of the nor-
malized conductance L(r, V) = g(r, V)/(〈I(r, V)〉r/V) for V = 1 mV, 
where g(r, V) is the differential conductance at position r and bias 
voltage V, and 〈I(r, V)〉r is the spatially averaged tunneling current 
at bias voltage V. The maps exhibit strongly dispersing QPI patterns 
because of the surface electronic states. In the real-space map in Fig. 3A, 
one can recognize well-defined hexagonally warped standing wave 
patterns emanating from the point defects on the surface. The long range 
of the standing wave patterns indicates a long phase and, hence, spin co-
herence length of the electronic states. In Fig. 3B, we show the cor-
responding momentum (q)-space map    ~ L  (q, V)  obtained by Fourier 
transformation and following symmetrization (see text S2 and fig. S3 
for details). The q-space maps show a single hexagonally warped ring 
with a hole-like dispersion (additional layers of the map shown in fig. S4).

For a detailed comparison with the dispersion relation determined 
by angle-resolved photoemission spectroscopy (ARPES) in the occupied 
states, we use the tight binding model from (6) to perform T-matrix 
calculations of the QPI patterns. Figure 3C shows the Fermi surface 
of the CoO2 termination obtained from the tight binding model. 
The Fermi surface consists of a pair of hole pockets centered at the 
-point of the surface Brillouin zone, formed as a result of Rashba- 
like spin-orbit interactions. Naively, from the Fermi surface, one 
might expect quasiparticle scattering to take place via three different 

routes, that is, either between the two hole pockets or within each of 
the hole pockets. However, we observe only a single hexagon (Fig. 3B). 
This leaves interpocket scattering (indicated by solid red arrows in 
Fig. 3, B and C) as the only scattering pathway and demonstrates 
that spin is conserved throughout the scattering process. We note 
that this is different from the usual spin-orbital selection rule 
where the ISB is only a weak perturbation and the selection rule 
applies to the spin-orbital momentum mJ.

The quasiparticle pattern obtained from the T-matrix calcula-
tions is shown in Fig. 3D and shows excellent agreement with the 
experimental data.

Analysis of the QPI data
For a detailed analysis of the QPI, we plot a cut of the  ∣   ~ L  (q, V ) ∣  
map as a function of scattering momentum q and energy eV along 
the high symmetry directions in Fig. 4A. We can see the dispersing 
scattering vector close to the zone boundary around the Fermi en-
ergy. Red dots in Fig. 4A show the allowed scattering momenta ob-
tained from the T-matrix calculation. The corresponding E − k cuts 
along the high symmetry directions in the momentum space from 
the tight binding model are shown in Fig. 4B and fig. S5.

As for a conventional Rashba system, the spin splitting is expect-
ed to lead to a van Hove singularity in the density of states near the 
band edge, which should lead to a prominent feature in tunneling 
spectra [g(V)] (27). A tunneling spectrum obtained in a defect-free 
area is shown next to the experimentally determined dispersion in 
Fig. 4A, showing a main peak with a shoulder near the band top (see 
fig. S6 for a numerical fit of the two peaks). The density of states 
obtained from the tight binding model is shown for comparison in 
Fig. 4B. The calculated density of states shows a more pronounced 
double-peak structure near the band top, which indicates that the 
tight binding model may not capture the electronic structure close 
to the -point as accurately as at lower energies.

For a detailed analysis of the QPI, we have determined the pre-
cise position and width in q-space of the QPI signal shown in 
Fig. 4A. The resulting dispersions along the  − M and  − K direc-
tions are shown in Fig. 4C. From the slope, we find effective masses 
at the Fermi energy along the  − M and  − K directions of −11 me 
and −13.1 me, respectively, showing the correlated nature of the 
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Fig. 3. QPI of the CoO2 termination. (A) Real-space map of the normalized conductance L(r, V) measured from the CoO2-terminated surface at a bias voltage of 1 mV (Vs = 
100 mV, Is = 400 pA, and Vmod = 3 mV; scale bar, 10 nm). a.u., arbitrary units. (B) Corresponding momentum-space    ̃ L  (q, V)  map (scale bar, 0.5 Å−1). Hexagons mark the Brillouin zone 
(BZ) in the  k = 0   A  ̊    

−1
   plane. A red arrow indicates the dominant scattering vector along the  → M direction. Pink arrows are the hypothesized scattering vectors assuming 

that intraband scattering also takes place. (C) Fermi surface of the CoO2 termination. Grey lines mark the BZ boundary. Pockets of different colors have opposite spin texture 
in all directions, as a result of Rashba spin splitting. A red arrow marks the interband scattering vector as observed in the experiment; pink arrows mark the intraband scat-
tering vectors not observed in the experiment. (D) Simulated QPI pattern at zero energy from the tight binding calculations, on the same scale as (B).
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band. While these values cannot be directly compared with the 
band masses determined in ARPES (6), we can compare them to the 
average of the spin-orbit split bands, which is −9 me and −12 me in 
 − M and  − K, respectively, slightly lower than the values we find.

The width of the quasiparticle scattering peak provides an esti-
mate of the phase coherence length of the quasiparticles and, hence, 
of their lifetime. The three main contributions to the width of the 
QPI peak are a geometrical factor depending on the shape of the 
constant energy contours (and hence a property of the electronic 
structure of the material), disorder scattering, and electron-electron 
scattering. The width can be used to estimate the phase coherence 
length and thus a lower limit for the spin relaxation length. The 
width as a function of energy shows a minimum for quasiparticles 

right at the Fermi energy and increases with increasing energy. In 
Fig. 4D, we show the width [half width at half maximum (HWHM)] 
as a function of E2 in the  − M direction, where the signal of the 
QPI is strongest. The determined widths show an increase when 
moving away from the Fermi energy, thus confirming that the qua-
siparticles within the spin-split surface state bands behave like a 
Fermi liquid. We can compare the slope of the increase with theo-
retical predictions for the lifetime because of electron-electron scatter-
ing processes. In 2D, the line width  in energy can be written as

   ( ) =   h ─    = −    E  F   ─ 2     (      ─  E  F     )     
2
  [  log    ─  E  F     −   1 ─ 2   − log   

2  q TF  (2) 
 ─  k  F     ]     (1)

where EF is the Fermi energy,  = E − EF is the energy difference of 

the quasiparticle to EF,   q TF  (2)  =   2  m   *   e   2  _ 
4 ϵ  ℏ   2 

   is the Thomas-Fermi wave vector 

in 2D, m* is the effective mass of electrons, kF is the Fermi wave vector, 
and ϵ = ϵrϵ0 is the permittivity of the medium (28). For comparison 

with the experimental data, we convert  (E) to    q  (E ) =   1 _ 
  ∂ _ ∂ q  E(q)

  (E) . We 

further account for the combined effects of the form factor of the 
QPI signal because of the shape of the constant energy contours and 
effects of disorder scattering through an additional broadening pa-
rameter f. This parameter is expected to be energy independent in 
the range investigated here because the Fermi surface retains its 
shape and disorder scattering is elastic. It can be determined from 
the width of the QPI signal for E → 0 meV near the Fermi energy, 
where the only contribution from electron-electron interactions 
is due to thermally excited quasiparticles. The estimated Fermi 
temperature of our 2D surface electron liquid is 1700 K, so the 
electron- electron scattering is extremely weak at the Fermi energy 
at our measurement temperature of 4.2 K and can be neglected as 
a source of broadening, i.e., q → 0. We account for energy- 
dependent broadening by adding it in quadrature to the broadening 
because of the form factor and disorder scattering; hence, we obtain 
the line width of the QPI signal, QPI, from     QPI   =  √ 

_
   q  2   +   f  

2    . In 
Fig. 4D, we plot the QPI linewidth QPI(E) as a function of energy E 
for a relative permittivity ϵr ≈ 14. That this value is lower than the 
one deduced from the work function difference, ϵr ∼ 50, is expected 
given that the wave functions of the electrons in the surface state 
extend into the vacuum and hence experience a lower permittivity 
than just the one of the CoO2 layer. The minimal width of the QPI 
signal that we observe is     QPI  (0 ) = 0.056   A  ̊    

−1
  , which we can use to 

extract a lower limit for the phase coherence length  of the elec-
trons. The mean length scale over which the QPI patterns decay is   
  QPI   =   2 _    QPI    = 11.2  nm , which corresponds to a phase coherence 
length of  = 2q = 22.4 nm (29). We note that while this value is 
extracted in the  − M direction, we obtain a similar coherence 
length of 17.4 nm for the  − K direction.

We stress that these values are lower estimates, because although 
the disorder contribution to QPI results from a microscopic scat-
tering process, the geometric one relating to the shape of the con-
stant energy contours does not. It is also important to emphasize 
again that electron-electron scattering at the Fermi energy is com-
pletely negligible in this 2DEL at 4.2 K, because the experimental 
temperature is one-thousandth of the Fermi temperature. Under these 
conditions, we estimate the mean free path for electron-electron 
scattering to be tenths of a millimeter (see text S4), four orders of 
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overlaid on the left are possible quasiparticle scattering vectors along the  − M 
direction at different energies obtained from the band structure plotted in (B) as-
suming pure spin selection rules. Additional blue (cyan) data points overlaid on the 
right (left) are the scattering vectors found on a narrow terrace [width = 4.6 nm 
(=6.3 nm)] resulting from quantum confinement (see Fig. 5 and fig. S9 for more 
details). On the right, a dI/dV spectrum taken in a defect-free area on the CoO2 
surface is shown, revealing the peak because of the Rashba-like surface states of 
CoO2 centered at ~50 mV (Vs = 100 mV, Is = 500 pA, and Vmod = 0.25 mV). (B) Disper-
sion of the CoO2-derived Rashba-like surface electronic states calculated from the 
tight binding model in (6). Bands of orange and blue colors represent the spin tex-
ture (see Fig. 3C). On the right, the corresponding density of states (DOS) is 
shown. (C) Dispersion of the quasiparticle scattering vectors along the  − M (red) 
and  − K (blue) directions. The effective mass along the two directions is estimated 
from their slopes. (D) Plot of HWHM of the scattering vectors along  − M plotted 
versus E2. Markers are experimental data. Solid lines show the expected behavior of 
the quasiparticle scattering lifetime (converted to momentum width) in 2D with a 
relative permittivity ϵr of 1 (black) and 14.3 (red), respectively (28).
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magnitude longer than our estimate for . This is a crucial advan-
tage of a fully metallic system with a large Fermi temperature com-
pared with a doped semiconductor.

Quantum confinement of Rashba split electronic states
While the QPI, because of scattering from a small number of impu-
rities, does not provide direct information about the spin-split 
bands due to the spin selection rules, coherent superposition of 
higher-order scattering processes can lead to differences in the QPI 
patterns because of spin splitting (30). These higher-order scatter-
ing terms become important in resonator geometries, where quasi-
particles scatter multiple times within a coherence length. Such 
a resonator geometry where the spin-split electronic states are con-
fined between two step edges is shown in Fig. 5A. It consists of a 
CoO2-terminated surface terrace with a width of 6.4 nm bound by a 
pair of step edges running along the [110] direction, leading to con-
finement in the  − K direction. In layers of the normalized conduc-
tance map L(r, V) taken from the same region (Fig. 5, B to D), one 
can see a series of standing wave patterns with different number of 
maxima and nodes. To further analyze the evolution of these pat-
terns with energy, we show a linecut across the L(r, V) map plotted 
as a function of energy and position in Fig. 5E. The standing wave 
patterns appear at quantized energies En. The spacing between the 
quantized states increases with energy when moving away from the 
band edge as expected for a quantum well (E ∼ n2).

The quantized energy can more easily be seen in Fig. 5F, which 
shows a normalized spectrum L(x, V). Physically, n is the main 
quantum number of the discrete energy states because of confine-
ment. To compare the energies and characteristic length scales of 
these resonator states with the dispersion relation of the Rashba 
spin-split surface state, we plot the {En, qn} pairs obtained here onto 
the dispersion graph in Fig. 4A. All the data points fall exactly onto 
the dispersion relation arising from interband scattering between 

the spin-split bands. We therefore conclude that while we see clear 
quantum confinement of the spin-split electronic states, there is no 
sign of additional scattering processes between subbands with dif-
ferent spins. Similarly, comparing the resonator energies En to the 
expected behavior for a quantum well, En ∼ n2, shows a consistent 
behavior in the range of energies where we observe clear resonator 
states (compare Fig. 5G). Close to the band edge, deviations become 
larger because the dispersion is not parabolic.

DISCUSSION
We have been able to probe the spin selection rules for quasiparticle 
scattering in the unusual regime in which the ISB is the dominant 
energy scale. In these unusual circumstances, the spin-orbital se-
lection rules for quasiparticle scattering, which were established in 
the opposite limit, become true spin selection rules.

Detailed analysis of the width of QPI features allows us to extract 
information about the phase coherence length of the quasiparticle 
states. Phase coherence implies, in particular, that the spin remains 
preserved over this length scale, and hence, this phase coherence 
length is effectively a spin coherence length. Our analysis reveals a 
behavior of the coherence length as a function of energy that is con-
sistent with the expectation from 2D Fermi liquid theory if the per-
mittivity of the surrounding medium is accounted for. Ab initio 
calculations of the closely related inelastic mean free path of surface 
states have previously been carried out for noble metals and systems 
with negligible electron correlations (31); the present system pro-
vides an opportunity to gauge the validity in the limit of a strongly 
correlated electron liquid.

Despite the strong correlations, the parameters of this Rashba 
split 2DEL are remarkable. The phase coherence length  ∼ 22.4 nm, 
which provides a lower limit for the length over which the spin relaxes, 
is substantially longer than the spin precession length of approximately 
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L = 3.5 nm obtained from the spin splitting [L = /k (3), where 
   k  −M   = 0.09   A ̊     

−1
  ; see (6)]. This, in combination with the fact that 

spin remains a good quantum number because of the hierarchy of 
ISB and spin-orbit energies, means that the delafossite transition 
metal oxide surface state is in the regime required to realize spin 
manipulation on the length scales of current semiconductor tech-
nologies and without the need of heavy elements. Our observations 
were made on the surfaces of single crystals, but there seems to be 
no fundamental barrier to the eventual growth of equivalent qual-
ity delafossites in thin-film form. We believe that our observa-
tions provide strong motivation to do so.

In conclusion, we have demonstrated spin-selective QPI in the 
Rashba spin-split surface state of a correlated oxide and a 2DEL 
where the ISB becomes the dominant energy scale compared to the 
SOC. Our results are very well described by a T-matrix calculation 
of the scattering pattern, taking into account the spin selection 
rules. Detailed analysis of the line width of the QPI patterns allows 
us to extract information about the coherence length of the quasi-
particles and compare it to theoretical predictions. The coherence 
length is substantially larger than the spin precession length, making 
this a promising system for spintronic applications. On a broader 
perspective, atomic-scale studies of the transition metal oxide termi-
nations of other delafossites provide an opportunity to study the 
interplay between ISB, SOC, electronic correlations, and magnetic 
order (32).

MATERIALS AND METHODS
Sample growth
Single crystals of PdCoO2 were grown in an evacuated quartz tube 
with a mixture of PdCl2 and CoO by the following methathetical 
reaction: PdCl2 + 2 CoO ⟶ 2PdCoO2 + CoCl2 (7, 33). The quartz 
tube was heated to 1000∘C for 12 hours and held at 700 to 800∘C for 
5 days. To remove CoCl2, the resultant product was washed with 
distilled water and ethanol. To obtain clean surfaces for scanning 
tunneling microscopy (STM) measurements, PdCoO2 samples were 
cleaved in situ at ∼20 K in cryogenic vacuum.

STM measurements
The STM experiments were performed using a homebuilt low- 
temperature STM, which operates at a base temperature of 1.8 K 
(34). Pt/Ir tips were used and conditioned by field emission with a 
gold single crystal. Differential conductance (dI/dV) maps 
and single- point spectra were obtained using a standard lock-in 
technique, with the frequency of the bias modulation set at 413 Hz. 
The results reported here were obtained at a sample tempera-
ture of 4.2 K.

Tight binding model
In this report, we use the 22-orbital tight binding model of the CoO2 
layer of PtCoO2 originally defined by Sunko et al. (6). To account 
for the quantitative differences between the PtCoO2 and PdCoO2 
electronic structure, we reduce the octahedral crystal field splitting 
parameter, CO, from 1.0 in (6) to 0.4 in this report. In addition, we 
apply a rigid chemical potential shift of  = − 15 meV. This has the 
effect of decreasing the kF values along the  − M direction from 
0.61 and  0.74   A  ̊    −1   in (6) to 0.56 and 0.66 Å–1, which is closer to the 
values obtained from ARPES measurements on PdCoO2 (0.52 and  
0.62   A  ̊    −1  ) (6).

To model the QPI dispersion, we calculate the perturbation to 
the local density of states associated with a scalar nonmagnetic im-
purity using the T-matrix formalism

   
δN(q, ω ) = −    1 ─ 2πi    ∑ 

k
    Tr [    ̂  G    0  (k, ω ) T(ω )    ̂  G    0  (k − q, ω ) −

     
    ̂  G    0     * (k, ω )  T   * (ω )     ̂  G    0     * (k + q, ω ) ]

    (2)

Here,     ̂  G    0  (k, )  describes the noninteracting Green’s function at 
momentum k and energy 

     ̂  G    0  (k,  ) =   1 ─  ( + i ) − H(k)    (3)

with  defining the energy broadening of the calculation, which we 
set to 5 meV, and H(k) describing the 22-orbital tight binding model 
of the CoO2 layer of PtCoO2 discussed above. Last, the T matrix for 
a scalar nonmagnetic impurity is

    ̂  T  ( ) =   V ───────────  
 ̂  1  − V  ∑ k        ̂  G    0  (k, )

    (4)

In this report, we set V = − 100 meV. It was found that increas-
ing V did not qualitatively change the calculated QPI patterns.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/15/eabd7361/DC1
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